Background. Ultrasound evaluation of articular cartilage is not accurate if the ultrasound probe is not perpendicular to the cartilage surface. However a probe angle adjustment is difficult because of the manual procedure and the lack of angle index for the measurer. The aim of this study is to propose "Rise-to-Peak time" as an index of probe angle and to evaluate its effectiveness in evaluating articular cartilage surfaces. Methods. The "Rise-to-Peak time" is defined as the time interval between the rise of the first peak (50% amplitude of the first peak) and the first positive peak following the minimum peak of the echo. The relationship between the Rise-to-Peak time and probe angle was evaluated using several reflection surfaces including that of articular cartilage. Findings. The "Rise-to-Peak time" increased monotonically with increases in the angle between the probe and the reflection surface, and showed good agreement with calculated values for small angle changes (< 3 degrees). Interpretation. The "Rise-to-Peak time" provides an index of probe angle in the ultrasound measurement of articular cartilage. Availability of echo-amplitude correction using the "Rise-to-Peak time" is evaluated.
Introduction
Osteoarthritis (OA) is a common disease found in elderly populations, and is characterized by pain, disability and the loss of physical function. Several early diagnostic methods using ultrasound evaluation have been developed (1) (2) (3) as an early non-destructive detection method for OA damage. Ultrasound evaluation is capable of measuring cartilage thickness and degeneration by analyzing the amplitude of the echo from the cartilage surface (2) . However, the echo amplitude changes not only based on the cartilage condition but also on the angle of the ultrasound probe (4) . Therefore the measurer has to make sure the probe is perpendicular to the cartilage surface for accurate measurement. However, there is no reference index of probe angle other than echo amplitude in an endoscopic measurement. This causes measurement error and prolonged measurement time during clinical measurement. Mori et al proposed a measurement support device using robot arm (5) . The automatic scanning of all angles may provides accurate measurement. However, the method needs additional equipment. The aim of this paper is to propose "Rise-to-Peak time" as an index of probe angle. As a first step in evaluating its effectiveness, change in the index associated with probe angle was measured using several reflection surfaces including that of articular cartilage. Figure 1 shows the ultrasound evaluation system for articular cartilage. The system consisted of a personal computer, a digital oscilloscope, a pulsar/receiver, and a transducer (the ultrasonic probe) (XMS-310, Panametrics Japan Co., Ltd., Tokyo, Japan). The transducer emits a plane wave with a central frequency of 10 MHz, and receives the reflected echo.
Material and methods
Articular cartilage plugs with diameters of 8 mm were excised from the patellar surface of porcine knee joints and the specimen was fixed on a stage in water. The perpendicularity between the transducer and the surface of the specimen was ensured by cautious alignment of the stage angle to obtain the maximum echo amplitude. Then the stage angle was changed from 0 degrees up to 5.0 degrees at increments of 0.5 degrees, and the echo amplitude and the "Rise-to-Peak time" were measured from the echo waveforms. Copper and rubber specimens with respective acoustic impedances of 45 × 10 6 and 2.6 × 10 6 [Ns/m 3 ] (calculated from the reflectance ratio) were also measured as references. Figure 2 shows a typical ultrasonic echo waveform from the surface of the specimen. The "Rise-to-Peak time" is defined as the time interval between the rise of the first peak (50% amplitude of the first peak) and the first positive peak following the minimum peak of the echo. Figure 3 shows a simple explanation and the following equations provide a simple method for estimating changes in waveform due to probe angle under the assumption that the angle  is small and that the distance between the ultrasound probe and the reflection surface is short (i.e. most of reflected ultrasound wave arrives at the probe). In the two-dimensional model, a is the diameter of the probe, θ is the angle between the ultrasound probe and the reflection surface, and x is the distance from the first point at which the ultrasound wave arrives. 1 GHz. The "Rise-to-Peak time" is defined as the time interval between the rise of the first peak (50% amplitude of the first peak) and the first positive peak following the minimum peak of the echo.
An incident wave per unit area of the probe surface is expressed as (1) where f(t) is waveform per unit area and P(t, 0) is the waveform measured at θ = 0.
The delay time for wave arrival at x is expressed as (2) where d(x,θ) is the delay time at x, and v is the speed of sound in water.
The measured waveform at angle θ is given by (3) where F(t) is the time integral of f(t). ( ) ( ) The acrylic plates with surface roughness (Rz < 10 µm, Rz = 24, 62 [µm]) were prepared as reflection surface, and the measured echo amplitude was corrected using predetermined relationship between Rise-to-Peak time and reduction rate.
The linearly-interpolated data measured using a flat reflection surface was used for the correction.
The measurement error of echo amplitude e was calculated as follows (4) where A 0 is echo amplitude at 0 degrees without correction. A θ is echo amplitude at θ degrees. The measurement errors were calculated for the amplitudes before correction and after correction. Figure 4 shows echo waveforms measured using articular cartilage. The waveforms changed as the angle of the reflection surface changed. However, the waveforms shapes for a specific angle were basically same for each reflection surface. The calculated waveforms shown in Figure 5 show the same tendency found in Figure 4 . Echoes from the articular cartilage surface had lower amplitudes compared with those for the copper and the rubber surfaces, and decreased as the angle of the reflection surface increased as shown in Figure 6 . However, the reduction rates show same tendency for all reflection surfaces as shown in Figure 7 . Also, roughing an 80% decrease was observed for a reflection surface angle of 5.0 degrees. As shown in Figure 8 , the "Rise-to-Peak time" increased from 150 ns to 300 ns with an increase in the surface reflection angle from 0 degrees to 5.0 degrees. The "Rise-to-Peak time" increased monotonically with increases in the surface reflection angle despite changes in reflection surface and corresponded well with the calculated values. From these results, the amplitude correction curve of the ultrasound probe used in the present study was composed as shown in Figure 9 . The "Rise-to-Peak time" also increased from 150 ns to 300 ns with an increase in the surface reflection angle from 0 degrees to 5.0 degrees for the rough surface (Rz < 10 µm, Rz = 24, 62 [µm]) as shown in Figure 10 . The echoes from the rough surfaces had lower amplitudes compared with those for the flat surface, and decreased as the angle of the reflection surface increased. After the amplitude correction, the decrease of echo amplitude with increase of the angle was suppressed as shown in Figure 11 . However, the corrected amplitude for higher roughness surface showed higher error value at low angle measurement. Figure 12 shows the measurement errors before and after correction. The measurement error was suppressed by the correction at each probe angle in the measurement of Rz < 10 µm and Rz = 24 µm surfaces. However, in the measurement of Rz = 62 µm reflection surface, amplitude correction caused 50% measurement error from 0 degrees. 
Results

Discussion
This study proposed "Rise-to-Peak time", which quantifies waveform extension as the index of the angle between the ultrasound probe and the reflection surface, as a method for more accurately measuring slight changes in cartilage condition in early stages of OA. Our simple model calculation shows that "Rise-to-Peak time" increases along with waveform extension caused by increases in probe angle. However, it has been reported that waveform extension also occurs in cases where the reflection surface produces a gradual change in acoustic impedance (6) (7) . As articular cartilage has a layered structure where the orientation and density of collagen fibers changes continuously with depth ( Figure 13) , there is the possibility that the collagen density and orientation produces a gradual change in acoustic impedance (8) . Agemura et al investigated sound velocities from the superficial layer to the deep layer and reported that sound velocity increased with depth from the cartilage surface (9) . Also, the superficial zone is thought to have an outer most hydration layer which has a high water content (10) .
However, our results showed that the layer structure and hydration layer have very little effect on the reflection and Rise-to-Peak time. The change in velocity in the superficial layer is smaller than the change in the water-cartilage interface (9) . Also, SEM images did not reveal major changes in the density and orientation of collagen fibers from the cartilage surface to the interface of the middle layer (11) . These results suggest that the acoustic impedance changes at a relatively narrow area of the interface between the water and cartilage surface. Amplitude correction using relationship between the "Rise-to-Peak time" and reduction rate suppressed the probe-angle derived error. However, the correction-derived error become higher under 2 degrees of probe angle in the measurement of Rz = 62 µm reflection surface. This would be due to neutralizing the effect of the inclined wave incidence caused by the scattering on rough surface.
In early stages of OA, surface roughness of articular cartilage increases from about 5 µm to 100 µm (12) , and the change in surface roughness may become one of index for early OA incidence. Our results suggest that the"Rise-to-Peak time" should be exhibit to the measurer as an index of probe learning rather than used for the automatic correction system in order not to erase the effect of surface roughness. In conclusion, "Rise-to-Peak time" was proposed as an index of probe angle in the clinical ultrasound measurement of articular cartilage. The results showed that the relationship between the "Rise-to-Peak time" and the probe angle for the articular cartilage was similar to those for copper and rubber surfaces. Echo-amplitude correction using the Rise-to-Peak time suppressed the probe-angle derived error, but some correction-derived error could not be negligible under 2 degrees of probe angle in the measurement of Rz = 62 µm reflection surface. 
